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ABSTRACT: Characterizing the structure of membrane proteins (MPs) generally
requires extraction from their native environment, most commonly with detergents. Yet,
the physicochemical properties of detergent micelles and lipid bilayers diﬀer markedly
and could alter the structural organization of MPs, albeit without general rules.
Dodecylphosphocholine (DPC) is the most widely used detergent for MP structure
determination by NMR, but the physiological relevance of several prominent structures
has been questioned, though indirectly, by other biophysical techniques, e.g., functional/
thermostability assay (TSA) and molecular dynamics (MD) simulations. Here, we
resolve unambiguously this controversy by probing the functional relevance of three
diﬀerent mitochondrial carriers (MCs) in DPC at the atomic level, using an exhaustive
set of solution-NMR experiments, complemented by functional/TSA and MD data. Our
results provide atomic-level insight into the structure, substrate interaction and
dynamics of the detergent−membrane protein complexes and demonstrates cogently
that, while high-resolution NMR signals can be obtained for MCs in DPC, they
systematically correspond to nonfunctional states.
Mitochondrial carriers (MCs) constitute a large family oftransport proteins of ca. 30−35 kDa molecular weight
that play important roles in the intracellular translocation of
metabolites, nucleotides, and coenzymes.1 The transport
mechanism involves the alternating exposure of a central cavity
to the cytosolic side (c-state) or the mitochondrial matrix (m-
state).2 Crystallographic structures of the most prominent
member, the adenosine diphosphate (ADP)/adenosine tri-
phosphate (ATP) carrier (AAC), extracted from the native
mitochondrial membrane3,4 could only be obtained in the
presence of the strong inhibitor carboxyatractyloside (CATR),
which locks the carrier in an aborted c-state. These structures
revealed a central cavity, in which CATR is bound, surrounded
by six transmembrane helices. No other atomic-resolution
structures of MCs are available, underscoring the diﬃculty of
obtaining crystals of these dynamic proteins. Solution-NMR
may overcome the diﬃculties that crystallography faces for
dynamic MPs. Substrate, lipid, and inhibitor binding5−10 as well
as dynamics,8,11 detected by NMR have been reported and
related to functional mechanisms of this class of membrane
proteins. Other biophysical techniques, e.g., functional/thermo-
stability assays and molecular-dynamics simulations, have
challenged some of these interpretations.12−14 Solving this
apparent controversy has been hampered by the lack of direct
experimental atomic-resolution data and stringent control
experiments. Here, we resort to an extensive set of NMR
experiments to address the structure, substrate interactions and
dynamics of MCs in dodecylphosphocholine (DPC) alongside
with functional/thermostability assays and molecular-dynamics
simulations and conclude on their physiological signiﬁcance.
To probe the structural integrity of the yeast ADP/ATP
carrier 3 (AAC3) in diﬀerent detergents, we ﬁrst investigated its
thermal stability, consistently with our previous investiga-
tions.13,14 We produced AAC3 in the yeast mitochondrial
membrane, extracted it with the mild detergent dodecylmalto-
side (DDM), diluted it into solutions of either DDM, lauryl
maltoside neopentyl glycol (LMNG) or DPC, and performed
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thermostability shift assay (TSA) experiments.14,15 In DDM
and LMNG, a typical protein melting curve reveals a
cooperative thermal denaturation event with an apparent
melting temperature of ca. 49 °C (Figure 1, blue/green
lines). In the CATR-bound state, the melting temperature is
dramatically increased to 80−90 °C. In contrast, the same
protein preparation diluted into DPC already shows a high
ﬂuorescence signal at low temperature, and no transition in the
course of the temperature scan, irrespective of the presence of
CATR. These observations indicate that AAC3 in DPC does
not form a stable tertiary structure, nor binds CATR, in line
with previous ﬁndings.13 To understand this behavior at the
atomic level, we turned to solution-NMR of three members of
the MC family, namely, AAC3, guanine diphosphate (GDP)/
guanosine triphosphate (GTP) carrier (GGC1), and ornithine
carrier (ORC1). Given their low sequence identity (<32%,
Figure S1), common traits observed in DPC are likely shared
by the entire MC family. Samples of AAC3, GGC1, and ORC1,
prepared through refolding from inclusion bodies, just like in
previous NMR studies of MCs,5,7,8,11 are all homogeneous (as
shown by size-exclusion chromatograms and analytical ultra-
centrifugation; Figure S2). Consistently with previous NMR
studies,5−9,11 all these samples yield high-quality NMR spectra
(Figure S3), a criterion that is commonly employed to assess
the functional relevance of MP samples and motivate structural
studies. To reconcile these data with TSA experiments and to
characterize the structural organization of MCs that is
responsible for high-quality NMR spectra, we performed an
NMR-observed temperature series up to ca. 70 °C (Figure S3).
One expects a discontinuity in the NMR parameters if
collective unfolding arises. By contrast, we observe linear
chemical-shift changes up to high temperatures, mirroring the
TSA data, and suggesting that these MCs undergo a gradual
change of the structural ensemble without deﬁned denaturation
transition.
We probed the structural and dynamical properties of MCs
in DPC further with three diﬀerent NMR observables. First, the
residue-speciﬁc chemical-shift assignments were used with the
TALOS+ software16 to derive local backbone geometry at the
level of each residue (Figures 1C and S4). While there is an
overall good agreement between the residues that, according to
Figure 1. Stability of secondary and tertiary structures in MCs. (A, B)
Thermostability of AAC3, extracted from yeast mitochondria and
puriﬁed in DDM, diluted 20-fold into 0.1% DDM (blue line), 0.1%
LMNG (green line) or 0.1% DPC (red line) in the absence (A) or
presence (B) of CATR, measured with TSA experiments (see
Supplementary Methods). (C) Residue-wise helix propensity in
GGC1, determined from NMR chemical shifts using the program
TALOS+,16 plotted onto a structural model of GGC1. Residues in
white color are not in a helical conformation. (D) Residue-wise solvent
accessibility in GGC1, as probed with the paramagnetic agent
gadodiamide. Residues shown in white-to-blue colors are accessible
to solvent. In panels C and D, amide sites undergoing μs−ms
dynamics (discussed further below) are indicated by spheres.
Figure 2. Millisecond dynamics in MCs in DPC detergent micelles.
(A) Representative 3D-HNCO-detected CPMG RD proﬁles of 15N
amide sites in GGC1 (WT, no substrate). All nonﬂat RD proﬁles of
this study are shown in Figures S7 to S17. (B) Location of residues
with nonﬂat CPMG RD curves in GGC1, ORC1, and AAC3 plotted
onto structural models based on the crystal structure of AAC3. For
GGC1 and ORC1, the color code represents the extent of relaxation-
dispersion, as determined from the diﬀerence in R2,eff of the ﬁrst and
last points of the RD proﬁles; for AAC3, the color code represents Δω
values reported in ref 8. A qualitatively similar picture is obtained for
two mutants studied here, GGC12P→2R and AAC3−c‑saltbridge; see main
text. (C) Transport activity and (D) NMR-derived dynamics
parameters in MCs. The pB value denoted with an asterisk was ﬁxed
to the value found for AAC3, which resulted in satisfactory ﬁts. All
transport activity and dynamics data reported in this study are
provided in Tables S1−S3.
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their chemical shifts, have α-helical conformation and the
location of helices in the crystal structures of AAC3, several
stretches of residues in the TM helices appear disordered in
DPC, particularly in helices H4 (GGC1), and H2/H3 (AAC3).
Independent support for the ﬂexible nature of these parts
comes from 15N transverse relaxation rate constants (R2),
which reveal enhanced ﬂexibility in GGC1’s H4 (Figure S5).
Second, we performed solvent-paramagnetic relaxation-en-
hancement (sPRE) experiments with the soluble hydrophilic
paramagnetic complex Gd-DTPA-BMA (gadodiamide), which
probe the solvent-accessibility of each amide site (Figure 1D).
As expected, the most exposed parts are located in loops of
GGC1 and AAC3. Unexpectedly, however, sizable sPRE eﬀects
are also found in TM helices, in particular those for which
TALOS+ ﬁnds a loop conformation. Third, we measured amide
hydrogen/deuterium exchange (HDX) by dilution of GGC1
from H2O- into D2O-buﬀer. The observed very fast HDX
kinetics (<1 min) indicates that backbone hydrogen bonds are
marginally stable (Figure S6).
To gain further insight into the properties and possibly
functional relevance of MCs in DPC, we investigated the details
of their dynamics. Functional turnover of MCs in the
membrane occurs at a rate of ca. 500 s−1.17 Functional MCs
are, thus, expected to undergo motions on this time scale, and
these motions are expected to be sensitive to substrates or
mutations. Carr−Purcell−Meiboom−Gill (CPMG) relaxation-
dispersion (RD) NMR experiments18 are ideally suited to
probe μs-ms motions at the level of individual residues. In this
study we performed extensive CPMG RD measurements on a
total of 10 diﬀerent samples, including wild-type (WT) and
mutant proteins, as well as samples with substrates and lipids,
and on up to three magnetic ﬁeld strengths per sample (see
Table S1 and Figures S7−S17); in addition, previous work
reported CPMG data for WT AAC3.8 In AAC3, GGC1 and
ORC1, we ﬁnd extensive μs−ms motions for about 20% of the
15N backbone amide sites, and in all cases the exchanging
residues are clustered on one side of the molecule (Figure 2).
We have performed additional 13C CPMG experiments on
methyl groups of Ala, Val, and Leu residues in GGC1 (Table S1
and Figure S8), independently conﬁrming the presence of μs−
ms dynamics in the region revealed by 15N CPMG experiments
(red in Figure 2B, left). In order to obtain more insight into this
process, we ﬁtted a two-state exchange model to the CPMG
RD data. Statistical analyses, shown in Figure S18, indicate that
this simple model describes the data satisfyingly. The ﬁtted
parameters are similar for all three proteins, with an exchange
rate constant, kex = kAB + kBA, on the order of 1000−2000 s−1,
and populations of the minor state, pB, of ca. 1−3% (Figure 2D
and Table S1).
Figure 3. GGC1 in DPC lacks the expected binding speciﬁcity. (A)
Chemical-shift perturbations in GGC1 upon addition of GTP. (B)
Plot of amide (H/N/CO) and methyl (H/C) CSPs onto a structural
model of GGC1. (C,D) GTP and ATP produces very similar CSPs in
GGC1, as exempliﬁed with extracts from HNCO spectra (D) and
shown as a correlation plot in (C). The inset shows the electrostatic
surface of a AAC-derived structural model of GGC1. Equivalent data
for AAC3 are shown in Figure S21.
Figure 4. All-atom MD simulations of AAC3 in DPC micelles. (A)
Time evolution of the root-mean-square displacement (RMSD) of
yAAC3 backbone atomic positions with respect to those in the crystal
structure. From 0 to 100 ns, the protein embedded in DPC is free to
move. From 100 to 200 ns, a subset of dihedral angles is restrained to
TALOS+ values inferred from NMR chemical shifts (see Materials and
Methods and Table S4). At 200 ns, restraints are turned oﬀ. The
secondary structures of the protein before and after applying the
TALOS+ restraints and at the end of the trajectory are depicted
chronologically in the insets. Amide sites for which μs−ms motion is
found in CPMG experiments are highlighted with red spheres. (B−D)
Snapshots at 1 μs simulation time showing the DPC (purple/yellow)
organization around yAAC3 from side view (B), top view (C), and
cut-open side view (D). Supplementary Movie 1 and Movie 2 show
the time evolution of AAC3 and its surrounding micelle.
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A major challenge in the interpretation of relaxation
dispersion data is to understand the underlying motional
process structurally. An intriguing observation is that the time
scale of motion observed in all three MCs (ca. 1 ms) is similar
to the kinetics of transmembrane transport,17 suggesting a
possible role in functional turnover. To test this hypothesis, we
investigated whether the introduction of function-abolishing
mutations or the presence of substrates and lipids alter the
dynamics. We designed two mutants that address diﬀerent
structural/functional aspects of the mitochondrial carriers,
reasoning that if they inactivate the proteins, they would do
so for diﬀerent reasons. In a ﬁrst mutant, termed GGC12P→2R,
two highly conserved Pro residues of the MC signature motifs
(PX[ED]XX[KR]) in H3 and H5 were mutated to Arg. Given
the importance of these Pro kinks in the structure and
mechanism,2 and the unfavorable energetics of placing Arg
residues in the core of TM helices,19 we expected signiﬁcant
changes in the activity and dynamics. A second mutant targets
Asp, Lys, and Gln residues on the cytosolic side of the TM
helices of AAC3, which have been proposed to form a salt
bridge network in the elusive m-state.4 In the AAC3−c‑saltbridge
mutant, we inverted charges such that the putative salt-bridge
network cannot form any more. Liposome transport assays
show that the residual transport activity in GGC12P→2R and
AAC3−c‑saltbridge is below 3%, i.e., that the mutations render the
proteins essentially nonfunctional (Figure 2C and Table S3).
Strikingly, however, the characteristics of the mutants in
DPC micelles are hardly diﬀerent from those of the WT protein
samples. NMR spectra of these mutants are highly similar to
the respective WT proteins. Chemical-shift diﬀerences are
small, and restricted to residues in the immediate vicinity of the
mutation sites (Figure S19). If the helices were in close contact
to each other, as in the crystal structure, one would expect
pronounced chemical-shift changes in the neighboring helices
in these mutants. Another surprising observation is that the
μs−ms dynamics in these nonfunctional mutants is very similar
to the one of WT proteins, even though the mutants are
nonfunctional, likely suggesting that the μs−ms motions are
not directly related to function (Figures 2D, S12−S14 and
Table S1). Along the same lines, we ﬁnd that the presence of
substrate (GTP) does not lead to a detectable diﬀerence in the
dynamics compared to apo-GGC1 (Figure 2D), indicating that
substrate cannot inﬂuence this dynamic process. Put together,
the observed dynamics does not appear to be related to
function. We reasoned that the functionally important2 lipid
cardiolipin (CL) might resurrect the native properties of the
protein. However, CPMG experiments with CL reveal an
identical behavior for WT GGC1 and GGC12P→2R (see
Supplementary Discussion and Figures S9, S11, and S20),
showing that these MCs in DPC are nonfunctional, irrespective
of added lipids.
An important criterion to assess functionality of a MP is its
ability to interact with substrates. MCs are highly substrate-
speciﬁc transporters. In liposome transport assays, we ﬁnd that
recombinantly expressed and reconstituted AAC3 and GGC1
bind and transport speciﬁcally their substrate (ATP/GTP,
respectively), while they do not bind the other nucleotide
(GTP/ATP; see Table S3). Furthermore, CATR inhibits
AAC3, but not GGC1 (see Supplementary Discussion).
Testing the binding speciﬁcity is, thus, a convenient way to
investigate the structural integrity of MCs in DPC. Addition of
the substrate GTP to GGC1 leads to signiﬁcant chemical shift
perturbations (CSPs) for many amides and Ala, Leu, and Val
methyls (Figure 3A). The largest CSPs are observed for
residues lining H2, and on the cytoplasmic side of H1 and H6.
Weaker yet signiﬁcant eﬀects are observed in the three
amphipathic matrix helices (Figure 3B); these CSPs are in
good agreement with previously reported data.11 However,
addition of ATP, which does not interact with GGC1 in
membranes, unexpectedly produces essentially the same CSPs
as GTP (Figure 3C,D). Likewise, addition of GTP or ATP to
AAC3 produces CSPs that are nearly identical to each other
(Figure S21). Thus, while AAC3 and GGC1 in their lipid-
bilayer environment can discriminate between GTP and ATP,
this ability is lost in DPC micelles. We repeated GTP-titration
experiments with the nonfunctional GGC12P→2R mutant. Even
though this protein is nonfunctional and likely distorted
through the Arg in the TM part, the GTP-induced CSPs are
very similar to those observed in WT protein (Figure S22).
This observation suggests that the observed GTP interaction is
not dependent on structural integrity, and is thus nonspeciﬁc.
We then titrated WT GGC1 with CATR, a doubly negatively
charged inhibitor of AAC, but not of GGC1.20 Despite the
absence of GGC1/CATR interaction in membranes, the
addition of CATR to GGC1 in DPC produces signiﬁcant
CSPs. The aﬀected set of residues partly coincides with the sites
that are modulated by the presence of GTP and ATP, and the
eﬀects are similar to those observed in AAC3 upon addition of
CATR (Figure S23). These observations lead us to propose
that the reported interactions of CATR with GGC1 or AAC3 in
DPC are nonspeciﬁc and not reminiscent of binding in
biological membranes. Indeed, the aﬃnity of CATR to AAC3 in
DPC (Kd = 20−150 μM
8) is ca. 3 orders of magnitude weaker
than the AAC/CATR interaction in lipid bilayers (Kd = 10−20
nM21) or of AAC extracted from mitochondria with LAPAO
detergent (Kd = 310 nM
21). A plausible driving force for all
these nonspeciﬁc low-aﬃnity interactions is the electrostatic
attraction between the negatively charged solutes (nucleotides,
CATR) and the positively charged cavity of GGC1 and AAC3
(Figures 3C and S21D). In agreement with this view, ORC1,
which has a signiﬁcantly lower electrostatic charge, does not
show signiﬁcant CSPs upon addition of its substrate, L-
ornithine (Figure S24).
To obtain a mechanistic understanding of the structural
organization of the protein and detergent, we turned to all-
atom molecular dynamics (MD) simulations in explicit DPC.
MD simulations have been applied previously to MCs in a
membrane environment22−24 and in DPC.12 We speciﬁcally
sought a description of the structural organization of AAC3 in
DPC, which would reﬂect our experimental data. In initial
unrestrained all-atom simulations over 0.7 μs, AAC3 remains
close to the conformation adopted in crystals,4 which is in
disagreement with the TALOS-derived secondary structure in
DPC. Presumably, the time scale accessible to simulation is too
short to allow the transition of the compact conformation in
crystals to the one in DPC micelles (see Supplementary
Discussion and Figures S25, S26). To better reﬂect the
experimental data, we, thus, used chemical-shift derived
backbone torsional angles (limited to the ϕ,ψ angles for
which the TALOS+ result was unambiguous; see Materials and
Methods), and introduced a soft harmonic potential to these
residues over a simulation period of 0.1 μs. This strategy, which
rests on the use of NMR restraints to guide conformational
analyses of proteins, is similar in spirit to that proposed by
others.25,26 When the torsional angles coincide with those
inferred from the NMR data, the overall structure of AAC3 is
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markedly distorted, corresponding to a shift from ca. 3 to 6 Å of
the root-mean-square deviation (RMSD) of atomic positions
(Figure 4A). The evolution of the tertiary structure upon
introduction of the TALOS+ restraints is asymmetrical and
chieﬂy involves the interfacial helix h34 (connecting H3 and
H4) and the cytoplasmic side of H1, H2, and H3 (Figure 4 and
S27). In a last step, the restraints were removed, and the
simulation was extended to 1.1 μs. Over this time scale, AAC3
remains distorted. The cytoplasmic side of the TM helices, H1
and H2, and the interfacial helix h34 undergo relatively slow
dynamics on the simulation time scale (see Movie 1).
Interestingly, this region coincides with the segments that
were found experimentally to undergo μs−ms motions (red
spheres in Figure 4). We speculate that the motions detected
experimentally might correspond to the kind of slow rearrange-
ments seen by MD. Most importantly, the simulations provide
a view of how the detergent may organize around the protein.
Figures 4B−D show that DPC molecules do not only form a
corona around the hydrophobic core of the protein, as one
might expect, but also form micelles interacting with both sides
of the protein (cf. Movie 2). DPC molecules protrude between
the TM helices and penetrate deep within the protein cavity
(Figure 4C,D and Movie 2).
DPC has been employed for solving about 40% of all known
NMR structures, but less than 1% of all crystal structures
(Figure S28). Our data provide possible clues about the origin
of this intriguing track record. In our hands, DPC is the only
detergent able to maintain MCs in solution for extended time
periods (a prerequisite for solution-NMR), and the embedded
proteins exhibit well-resolved spectra and solute interactions
that may be interpreted as signs of a functionally relevant
sample. Our study reveals that these observations do not
necessarily point to a functionally relevant protein sample, and
stresses the importance of stringent control experiments.
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